Mantle-derived mafic magmas may be the source of ore-forming metals in large Cu porphyry systems, but evidence of primary petrogenetic and metallogenetic processes can be masked by hydrothermal alteration. The Baguio district of Northern Luzon, Philippines is a world-class mineral province containing approximately 40 Moz of gold and 5 Mt of copper, distributed across many porphyry Cu and epithermal Au deposit systems which are spatially related to Pliocene pre-ore Liw-Liw Creek (LCC) basaltic dikes (3Á59-4Á73 Ma) and a syn-ore plagioclase-hornblende diorite porphyry (2Á81-2Á98 Ma). A range of phenocryst phases (plagioclase, amphibole and clinopyroxene) are well preserved in both the basaltic dike suite and diorite porphyry suite, and provide an excellent natural laboratory to investigate magmatic processes and the relationship between metallogenesis and mafic magma. Widespread normally zoned clinopyroxene and amphibole grains in the basaltic dike suite show sharp decreases in Mg#, but increasing Mn, Sr, Cu, Y, Zr and REE from core to rim. Mixing of evolved felsic magma into the mafic magma is the most likely cause of these trends as fractional crystallization would typically result in gradual variations. In the diorite porphyry suite, reversely zoned amphibole is characterised by sharp increases in Mg#, Cu and Ni, but decreasing Mn, while oscillatory zoned plagioclase with distinct regions of patchy zonation shows repeated variations of An, Mg, Fe and Sr from core to rim. These signatures indicate the addition of basaltic magma to the diorite porphyry magma. The modeled Mg# of the melts (estimated assuming mineral-melt equilibrium) is also consistent with magma mixing. For example, the high Mg# of 66-72 and low Mg# of 38-44 estimated from the LLC clinopyroxene cores and rims, respectively, support the presence of basaltic magma, mixed with evolved felsic magma. All normally zoned clinopyroxene and amphibole in the basaltic dike suite and reversely zoned amphibole in the diorite porphyry suite show consistent increases in Cu from core to rim, suggesting relative enrichment of Cu in both types of injected magma. The pre-ore basaltic and ore-forming dioritic hybrid melts are estimated to have contained 45-96 ppm and 319-351 ppm Cu, respectively, based on Cu partition coefficients and zone area percentage. The Cu content of the basaltic hybrid melt is typical of arc magmas (Cu 50-100 ppm), whereas the Cu in the dioritic melt was 3-6 times higher than typical arcs magma. Both the clinopyroxene-melt thermobarometer and Al-in-hornblende geobarometer indicate similar crystallization pressures for both suites (8Á6$8Á8, 4Á4$4Á7, 2Á1$2Á8 kbar), 
INTRODUCTION
Ore-forming metals and fluids involved in the genesis of most porphyry Cu deposits are thought to have been derived from large, deep magma chambers (Gustafson & Hunt, 1975; Dilles, 1987; Ulrich et al., 1999; Richards, 2015) . Understanding the processes occurring in such chambers is, therefore, critical to models of petrogenesis and metallogenesis. Analysis of reversely, normally and oscillatory zoned minerals (such as clinopyroxene, amphibole and plagioclase) can help constrain both petrogenesis (Barton et al., 1982; Nakagawa et al., 2002; Streck et al., 2007; Xu et al., 2009; Qian et al., 2010b; Cao et al., 2014b Cao et al., , 2018 Yang et al., 2015) and metallogenesis (Rusk et al., 2008; Mü ller et al., 2010; Lu et al., 2016) . Due to the destruction of primary phenocrysts during extensive secondary hydrothermal alteration, the signatures of primary magma formation processes at mineralized porphyries are only rarely preserved (Cao et al., 2014b (Cao et al., , 2018 .
The Baguio district of Northern Luzon, Philippines (Fig. 1a) , is one of the world's premier mineral provinces, with historical production of approximately 12 Moz of gold and 1Á2 Mt of copper and remaining resources of over 40 Moz of gold and 5 Mt of copper in a variety of mineral deposit types including porphyry, epithermal and skarn deposits (Cooke & Bloom, 1990; Aoki et al., 1993; Bellon & Yumul, 2000; Imai, 2001; Malihan & Ruelo, 2009; Cooke et al., 2011; Waters et al., 2011) . Although the majority of mineral deposits are spatially Hollings et al. (2011) and Waters et al. (2011). related to Pliocene-Pleistocene andesitic rocks Waters et al., 2011) , whole-rock and amphibole chemistry suggest that interaction between mafic and felsic melts significantly increased the mineralization potential of ore-forming andesitic rocks in the porphyry and epithermal deposits in the Baguio district (Hollings et al., 2011 (Hollings et al., , 2013 Cao et al., 2018) . Numerous primary phenocrysts (plagioclase, amphibole and clinopyroxene) with significant zoning are well preserved in the pre-ore Liw-Liw Creek (LLC) basaltic dikes and syn-ore plagioclase and hornblende diorite porphyry (PHD) in this area (Hollings et al., 2013) . Amphibole Ar-Ar and zircon isotope dilution-thermal ionisation mass spectrometry UPb ages Hollings et al., 2013) show that the pre-ore LLC basaltic dikes and syn-ore PHD emplaced in this area are close in age (3Á59-4Á73 Ma and 2Á81-2Á98 Ma for the LLC and PHD, respectively). To date there is little research into the detailed magmatic formation processes of these rocks and their relationship with mineralization.
Many studies have indicated that mafic magmas may contribute a large amount of Cu to porphyry systems (Mathur et al., 2000; Hattori & Keith, 2001; Halter et al., 2005; Hollings et al., 2013; Blundy et al., 2015) . A limited number of fluid inclusions from the PliocenePleistocene mineral deposits in the Baguio area have yielded 3 He/ 4 He ratios of 6Á7 to 6Á0 Ra (Ra is the 3 He/ 4 He ratio of air), which has been interpreted as evidence of predominantly mantle-derived material in the oreforming fluids . This suggests that mantle-derived rocks likely played an important role in the petrogenesis of the Baguio district and possibly provided ore-forming materials to the porphyry systems; however, Cu mineralization in the area (e.g. the Black Mountain and Mexico deposits) shows a close relationship with andesitic rather than basaltic rocks. In order to resolve this disparity, we conducted systematic in situ major and trace elemental profiles across various magmatic minerals from the LLC basaltic dike suite and PHD dioritic porphyry suite using electron probe microanalysis (EPMA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), with a particular focus on normally, reversely and oscillatory zoned crystals.
GEOLOGICAL BACKGROUND
The Baguio mineral district is located approximately 220 kilometres north of Manila, at the southern end of the Luzon Central Cordillera (Fig. 1b) . The geology of the Baguio district is described in Waters et al. (2011) and Hollings et al. (2011) and summarized by Cooke et al. (2011) as follows: (1) Eocene-Oligocene Pugo Formation composed of basaltic and andesitic volcanic rocks with minor interbeds of sandstone, argillite, chert and pyroclastic rocks; (2) late Oligocene to early-mid Miocene Zig Zag Formation composed of conglomerate, shale, andesitic lavas and tuffs; (3) middle Miocene arc magmatism related to subduction of the South China Sea plate; (4) mid-late Miocene clastic sedimentary sequences of the Klondyke Formation; (5) PliocenePleistocene arc magmatism mainly composed of mafic dikes, diorite porphyries and dacite domes which are associated with subduction of the Scarborough Ridge (Fig. 1b) . A wide variety of deposit types are found within the district, including intermediate sulfidation epithermal (e.g. Antomok, Acupan), high sulfidation epithermal (e.g. Kelly), porphyry (e.g. Santo Tomas II, Black Mountain) and skarn mineralization (e.g. Thanksgiving; Cooke et al., 2011) , all of which are related to Pliocene-Pleistocene arc magmatism. Published amphibole/biotite Ar-Ar and zircon isotope dilution-thermal ionisation mass spectrometry U-Pb dating results show that the porphyry and skarn deposits of the Baguio district were emplaced between $3 and 0Á5 Ma with ages of 2Á8-3Á0 Ma at Black Mountain, 2Á9-3Á1 Ma at Mexico, 1Á47-1Á80 Ma at Santo Tomas II, 1Á8 Ma at Clifton, 0Á5 Ma at Ampucao and 1Á1 Ma at Hartwell (Aoki et al., 1993; Bellon & Yumul, 2000; Imai, 2001; Waters et al., 2011; Hollings et al., 2013) .
PETROGRAPHY AND MINERAL STRUCTURE
In this study, samples from both the pre-ore LLC and syn-ore PHD were collected from the Baguio district (Fig. 1b) . In situ major and trace element analysis was carried out on the magmatic minerals (plagioclase, amphibole, clinopyroxene, coexisting magnetite and ilmenite, and apatite). All sample information, including minerals analysed and analytical methods, are summarized in Table 1 .
The pre-ore LLC basaltic dikes mainly contain phenocrysts of clinopyroxene (5 to 10 vol. %, long dimension 0Á2 to 2Á5 mm) and amphibole (8 to 10 vol.%, long dimension 0Á3 to 4 mm) in a groundmass of plagioclase and clinopyroxene. There are rare euhedral hornblende megacrysts (long dimension up to 10 to 20 mm). Almost all clinopyroxene phenocrysts show distinct core to rim zonation ( Fig. 2a-c) , and most amphibole crystals also show obvious core to rim zonation ( Fig. 2c-e) . Amphibole with resorption rims and distinct core to mantle zonation was observed in one basaltic dike (Fig. 2f) , whereas others show oscillatory zoning. Some clinopyroxene crystals occur within amphibole phenocrysts and very rarely amphibole grains are found in the rims of clinopyroxene phenocrysts. All these features indicate early crystallization of clinopyroxene relative to amphibole. Apatite is rarely observed in LLC rocks but magnetite occurs widely growing with clinopyroxene and amphibole or in the matrix. Zoned spinel grains occur as tiny crystals in the groundmass of the basaltic dike. Detailed petrography suggests that the sequence of crystallization in the LLC basaltic magma was clinopyroxene > amphibole > magnetite > spinel % plagioclase.
The PHD diorite porphyry samples show porphyritic textures with phenocrysts of plagioclase (30 to 50 vol. %, long dimension 1Á0 to 6Á0 mm) and amphibole (5 to 15 vol. %, long dimension 0Á5 to 4 mm) in a groundmass of plagioclase and quartz. In sample D-1, fine-grained clinopyroxene (0Á1 to 0Á3 mm) was observed in the matrix, in keeping with the relatively low SiO 2 content (52Á11 wt %). Amphibole with distinct core-rim zonation is widely observed in samples D-1 and D-3 ( Fig. 2g and h ). In addition, widespread amphibole with a dirty-looking or black core (due to abundant tiny magnetite crystals; Fig. 2i ) but a clean rim is observed in sample D-1. Some amphibole phenocrysts also show oscillatory zonation. Most euhedral plagioclase phenocrysts show welldeveloped zoning, or complex zonation with significant patchy zones in the core (Fig. 2j-l) . Primary amphibole crystals occur as inclusions in the patchy areas ( Fig. 2j-l 
WHOLE-ROCK GEOCHEMISTRY
Major and trace element compositions of whole-rock LLC and PHD samples have been previously reported by Hollings et al. (2011 Hollings et al. ( , 2013 . Samples show distinct compositional variations in SiO 2 (45Á9-50Á1 wt % in the LLC basaltic rocks vs 52Á1-58Á7 wt % in the PHD diorite porphyry), MgO (5Á2-10Á4 wt % in LLC vs 2Á9-5Á2 wt % in PHD), CaO (9Á0-10Á8 wt % in LLC vs 6Á1-8Á9 wt % in PHD), and high molar Mg# (100*Mg/(Mg þ Fe total ); 54-67 in LLC vs 48-65 in PHD) and plot in the basalt field (LLC) and calc-alkaline basaltic andesite to andesite field (PHD), on the TAS classification diagram ( Fig. 3a ; Irvine & Baragar, 1971; Middlemost, 1994) . With increasing LOI, Na 2 O decreases ( Fig. 3b ), but K 2 O (Fig. 3c) , total rare earth elements (REE; Fig. 3d ) and other trace elements including Th, U, Nb, Ta, Zr, Hf, Sr, Y (not shown) remain relatively constant, indicating mobility for Na but relative immobility for most other elements. On a SiO 2 vs K 2 O diagram ( Fig. 3e ; Peccerillo & Taylor, 1976) , most samples show calc-alkaline to high-K calc-alkaline series characteristics. All samples show a strong depletion in high field strength elements (HFSE, such as Nb, Ta and Ti), a strong enrichment in large ion lithophile elements (LILE, such as K, Th, U) and light rare earth elements (LREE; Fig. 3f ), and relative flat heavy REE (HREE) distribution patterns lacking a Eu anomaly (Fig. 3g) . However, relative to the LLC basaltic dike, most PHD porphyries display more fractionated LREE/ HREE ( Fig. 3g) (Polve et al., 2007; Hollings et al., 2011 Hollings et al., , 2013 .
ANALYTICAL METHODS
The major element compositions of minerals were measured at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) in Beijing, using a JEOL-JXA8100 electron microprobe operated in wavelength dispersive mode. The operating conditions were 15 kV accelerating voltage, 20 nA beam current and a 3 lm probe beam with counting times of 20 s for Na, F, K, Mg, Si, Mn, P, Al, Cl, Sr, Ca, Ti, and 10 s for S and Fe at their characteristic X-ray line. The following natural minerals and synthetic oxides were used for calibration: apatite (P), anhydrite (S), diopside (Ca, Mg and Si), rutile (Ti), jadeite (Al), hematite (Fe), synthetic MnO (Mn), albite (Na), orthoclase (K), celestite (Sr), tugtupite (Cl) and fluorite (F). All data were corrected using the atomic number-absorption-fluorescence procedure. The detection limit for each element was Na (92 ppm), F (162 ppm), S (138 ppm), K (84 ppm), Mg (78 ppm), Si (108 ppm), Mn (123 ppm), P (216 ppm), Al (83 ppm), Fe (188 ppm), Cl (77 ppm), Sr (128 ppm), Ca (105 ppm) and Ti (166 ppm). The ILMAT excel spreadsheet (Lepage, 2003) was used to recalculate the compositions and crystallization conditions (temperature and fO 2 ) of coexisting magnetiteilmenite. The excel spreadsheets Probe-Amph (Tindle & Webb, 1994) and AMP-TB (Ridolfi et al., 2010) were used to calculate the amphibole compositions and crystallization conditions (temperature and fO 2 ), respectively. All analysed mineral major elemental compositions are presented in Supplementary Data Table A.1; supplementary data are available for downloading at http://www.pet rology.oxfordjournals.org.
In situ LA-ICP-MS trace element analyses of plagioclase, amphibole and clinopyroxene were carried out on thin sections using an Agilent 7700x quadrupole inductively coupled plasma mass spectrometer (ICP-MS) coupled to a Resonetics RESOlution S-155-LR 193 nm excimer laser ablation system at the GeoHistory Facility in the John de Laeter Centre, Curtin University, Perth, Australia. Following two cleaning pulses and a 15 to 20 s period of background analysis, all minerals were ablated with a 50 lm beam (except clinopyroxene, which was ablated using a 75 lm beam), for 45 s at a 7 Hz repetition rate, using a laser energy (measured at the sample surface) of 1Á5 J/cm 2 . The sample cell was flushed with ultra-high purity He (350 mL min -1 ) and N 2 (3Á8 mL min -1 ). High-purity Ar was utilized as the carrier gas. NIST 610 was used as a primary standard with NIST 612 and BHVO-2G as secondary standards and analysed in blocks between 20 unknown sample ablations. The abundance of the internal reference isotope ( 29 Si) utilized for plagioclase, amphibole and clinopyroxene was determined from EPMA SiO 2 values. Data reduction and concentration calculations were performed using the Trace Elements data reduction scheme in Iolite 3Á4 (Paton et al., 2011) . Laser spots were placed over areas with no visible sulfide inclusions. Analyses marked by spikes in Cu on time resolved traces were eliminated on the assumption that sulfide inclusions were intersected at depth. The accuracy of trace element determinations is typically better than 5% for most elements, based on repeated analyses of secondary standards. LA-ICP-MS analytical results for reference materials and all minerals (plagioclase, amphibole and clinopyroxene) are listed in Supplementary Data Table A .2). All the analysed PHD plagioclase had high Sr (742 to 1231 ppm) and low Ga (19Á8 to 26Á7 ppm) and REE (e.g. La 0Á4 to 5Á1 ppm) contents.
A total of ten plagioclase crystals from PHD rocks, with well-developed oscillatory and patchy zonation, were analysed for core-to-rim compositional variations with nine representative crystals displayed in Fig. 5 . All Peccerillo & Taylor, 1976) , (f) Primitive mantle-normalized trace element and (g) chondrite-normalized REE diagrams for Liw-Liw Creek (LLC) basaltic dike and the plagioclase and hornblende diorite porphyry (PHD). All whole-rock geochemical data are from Hollings et al. (2011 Hollings et al. ( , 2013 . The primitive mantle values and chondrite values are from Sun & McDonough (1989) and Taylor & McLennan (1985) , respectively. The arrows in (c) and ( (Fig. 6 ). PHD-hosted Group 2 amphibole grains show transitional compositions between LLC-hosted Group 2 and PHD-hosted Group 1 amphibole (Fig. 6 ).
Fourteen crystals with obvious core-rim zonation or oscillatory zoning were analysed for profile compositional variations; eight grains are illustrated in Fig. 7 . For sample LLC B-1 basaltic dike, two euhedral amphibole crystals (grain 1; 1Á0 Â 2Á1 mm, grain 2; 1Á1 Â 2Á2 mm) with oscillatory zoning show repetitive Fig. 7a-h ). In addition, one reversely zoned, subhedral amphibole crystal (0Á5 Â 0Á8 mm) shows a distinct corerim texture with low Mg# (78Á4, 73Á3) in the core and high Mg# (85Á2) in the rim (Supplementary Data  Table A .2).
Four normally zoned subhedral to euhedral amphibole crystals from LLC sample B-2, (grain 1; 2Á3 Â 3Á3 mm, grain 2; 1Á0 Â 1Á5 mm, grain 3; 1Á1 Â1Á4 mm and grain 4; 1Á4 Â 1Á8 mm) exhibit distinct core and rim textures with high Mg# (89Á6 to 94Á0) in the core and low Mg# (82Á9 to 85Á0) in the rim (Fig. 7) . Manganese, Cu, Sr, Y, Zr and REE increase from core to rim in these grains (Supplementary Data Table A (Schmidt, 1992) was used to calculate the equilibration pressure of amphibole from the PHD dioritic porphyry, but not the LLC basaltic dike. Fig. 8 ). For LLC sample B-2, four subhedral to euhedral clinopyroxene crystals (grain 2, 0Á9 Â 1Á0 mm; grain 3, 1Á4 Â 2Á2 mm; grain 4, 0Á6 Â0Á7 mm and grain 5, 0Á5 Â 0Á7 mm) show high Mg# (85Á4 to 91Á6) in the core and low Mg# (75Á3 to 80Á1) in the rim (Fig. 8a-d) . From core to rim, many trace elements including Mn, Cu, Ga, Y, Zr, Hf and REE increase, whereas Ni contents decrease and a similar REE distribution pattern is seen in all four crystals from core to rim (Supplementary Data Fig. 8 ).
Apatite
Due to the scarcity of apatite in mafic rocks, only three crystals were analysed for major element composition by EPMA in the LLC, but plenty of crystals were targeted in the felsic PHD rocks (73 analyses). The results show wide variations of P 2 O 5 (40Á1-43Á4 wt %) and CaO (51Á2-55Á6 wt %), and relatively low values of SiO 2 (0Á1-3Á0 wt %), Al 2 O 3 (<0Á9 wt %), MnO (<0Á3 wt %), Na 2 O (0Á02-0Á4 wt %), Cl (0Á2-2Á3 wt %), F (1Á0-2Á5 wt %) and SO 3 (0Á04-1Á0 wt %) (Supplementary Data Table A.1). In addition, SO 3 contents show a positive relationship with Na 2 O (Fig. 9 ) and a negative relationship with CaO and P 2 O 5 (not shown), indicating the coupled substitution of S 6þ þNa þ ¼ Ca 2þ þP 5þ in apatite (Liu & Comodi, 1993) .
Fe-Ti oxides
Coexisting unzoned, subhedral-to-euhedral magnetite and ilmenite (50$200 lm) from PHD sample D-2 were analysed (Fig. 10a) 
Physiochemical conditions Temperature
Coexisting magnetite-ilmenite pairs in shallowly emplaced rocks are widely used to calculate crystallization temperature and oxygen fugacity (e.g. Evans & Scaillet, 1997; Wang et al., 2014) . Based on published experimental results, Ridolfi et al. (2010) estimated the temperature and oxidation state of subduction-related calc-alkaline basaltic to rhyolitic rocks using amphibole compositions. In this study, five independent geothermometers were applied to estimate the crystallization temperature of different mineral phases: the clinopyroxene-melt thermobarometer (Putirka, 2008) ; Si* in amphibole thermometry (T Si* in Amp , the definition of Si* is given in Ridolfi et al., 2010) ; coexisting magnetiteilmenite thermometry (T Mag-Ilm , Lepage, 2003) ; apatite saturation thermometry (T Ap saturation , Harrison & Watson, 1984) , and zircon saturation thermometry (T Zrc saturation , Watson and Harrison, 1983) . Due to the scarcity of apatite and zircon in the LLC mafic rocks, apatite and zircon saturation thermometry was only applied to the PHD andesitic rocks. We used the bulk-rock concentrations to represent the contents in the melt, and 42 wt % P 2 O 5 (mean EPMA data for apatite) and 47Á6 wt % Zr (zircon formula) to represent the P 2 O 5 content of apatite and Zr content of zircon in the model. In order to evaluate the reliability of our approach, we compared the results derived from the four independent methods for the same sample (D-2). Figure 10 shows the result: T Si* in Amp 789-907 C (mean¼ 843 6 32 C, 1r, n ¼ 10), T Mag-Ilm 829-840 C (8346 5 C, 1r, n¼ 6), T Ap saturation 837 C and T Zrc saturation 779 C. The crystallization temperature is the same within uncertainty, except for zircon (Fig. 10c) , and is consistent with petrographic observations of apatite and Fe-Ti oxides in amphibole phenocrysts, while the majority of grains of apatite, Fe-Ti oxides and zircon occur in the matrix (not shown). This suggests that the approach taken for crystallization temperature estimation is reasonable.
For clinopyroxene, the clinopyroxene-melt thermobarometer was used for LLC basaltic rocks, and yielded very high crystalization temperatures with mean values from 1234 C for B-2, to 1180$1166 C for B-4 and B-1 (Supplementary Data Table A.1). In addition, seven out of eight clinopyroxenes with normally zoned textures (except B-2 grain 5) display slightly higher formation temperatures for the rim than for the core, indicating injection of a magma with a very high temperature, which is also consistent with the corroded textures of the clinopyroxenes.
The results of T Si* in Amp calculations show relatively high and similar crystallization temperatures of $1040 C to $987 C for the LLC basaltic dikes, but wide variations from 987$943 C in D-1 and D-3, to $840 C in D-2 and D-4, and then to 790 C in D-6 for the PHD diorite porphyry (Supplementary Data Table A.1). In addition, both the normally and reversely zoned amphibole crystals show slight variations of formation temperature from core to rim, whereas the oscillatory zoned amphiboles show repeated variations of temperature (Fig. 7) . The results of T Ap saturation and T Zrc saturation for PHD rocks with SiO 2 > 53 wt % show limited variation (829 6 21 C and 774 6 13 C, respectively; 1r, n ¼ 31; Fig. 10c ). Thus, the calculated temperatures suggest a petrogenetic sequence of clinopyroxene > amphibole in the basaltic dikes, and amphibole > apatite % Fe-Ti oxides > zircon in the diorite porphyry, which is consistent with the crystallization sequence of the magmatic mineral phases (clinopyroxene > amphibole > plagioclase in the LLC basaltic dikes, and amphibole > plagioclase > apatite % Fe-Ti oxides > zircon > quartz in PHD diorite porphyry).
Pressure
Due to the relatively shallow emplacement depths suggested by the porphyritic texture in all samples, crystallization pressure can be estimated using the clinopyroxene-melt thermobarometer (Putirka, 2008) for the basaltic dikes and Al-in-hornblende geobarometer (Schmidt, 1992) for the PHD diorite porphyry. The clinopyroxene-melt thermobarometer yielded higher pressures on the rims than the cores, indicating unreliable results for the rim zonation (Fig. 8) , probably due to the more reliable application of this thermobarometer in basaltic magmas. For this reason, we only estimate the crystalization pressure of the cores of those grains. Estimated crystallization pressures of clinopyroxene yielded 8Á8 6 0Á7 kbar (1r, n¼ 47) for sample B-2, 4Á7 6 0Á4 kbar (1r, n¼ 14) for sample B-1 and 2Á8 6 0Á7 kbar (1r, n ¼ 23) for sample B-4 (Supplementary Data Table A.1). The crystallization pressures of amphibole phenocrysts for the PHD dioritic porphyry yielded mean values of 8Á6 6 0Á7 kbar (1r, n¼ 41) for D-1, Table A .1). Thus, similar crystallization pressures of 8Á6$8Á8, 4Á4$4Á7, 2Á1$2Á8 kbar were recorded in the magmatic minerals of both basaltic dikes and dioritic porphyries.
Oxygen fugacity
Studies have shown that the content of SO 3 in apatite can be used to estimate qualitatively the oxygen fugacity of a magma (Peng et al., 1997; Streck & Dilles, 1998; Parat & Holtz, 2005; Smith et al., 2012; Cao et al., 2014a Cao et al., , 2016 . Three independent oxybarometers were applied to constrain the oxygen fugacity of the magma: amphibole Mg* (DNNO ¼ 1Á644 Mg* -4Á01, the definition of Mg* given in Ridolfi et al., 2010) ; co-existing magnetiteilmenite (Lepage, 2003) ; SO 3 in apatite. Co-existing FeTi oxides in PHD sample D-2 give logfO 2 values of -11Á0 to -11Á3, similar to values estimated using amphibole Mg* (-11Á1 to -12Á5; Fig. 10d ), confirming the reliability of the amphibole Mg* oxybarometer. The results of amphibole Mg* oxybarometry calculations show similar oxygen fugacity for both LLC and PHD rocks, ranging from NNO þ 0Á3 to NNO þ 1Á5 (mean NNO þ 0Á9) (Supplementary Data Table A.1). In addition, a bimodal distribution of DNNO is seen in both LLC basaltic and PHD dioritic rocks. This is also true of grains with core-rim textural variations, indicating that there were distinct magmas in equilibrium with each zone. For example, the LLC B-2 grains 1 and 2 show decreasing DNNO values of $1Á5 to $0Á9 from core to rim, whereas the PHD D-3 grains 2 and 3 have increasing DNNO values of $0Á3 to $0Á9 from core to rim (Fig. 7) . Although the SO 3 in apatite is variable (0Á04-1Á0 wt %; Supplementary Data Table A.1), some PHD apatite grains have high SO 3 contents (> 0Á6 wt %), suggesting oxidized conditions for the rocks with DNNO values of $1 or higher (Peng et al., 1997; Parat & Holtz, 2005) .
DISCUSSION

Mechanisms inducing textural and chemical zoning LLC mafic rocks
Both amphibole and clinopyroxene crystals have obvious core-rim zonation patterns or oscillatory zoning in LLC samples B-1, B-2 and B-4 (Figs 2, 7, 8) . A few crystals show reversely and, or, oscillatory zoned textures in amphibole (B-1 grains 1, 2 and 3) and clinopyroxene (B-4 grain 1), but most of the grains show typical normally zoned textures with high Mg# in the core and low Mg# in the rim, especially in B-2 (Figs 7 and 8) . The compositional profile in normally zoned amphibole and clinopyroxene grains shows coupled increases in Mn, Cu, Y, Zr and REE from core to rim (Figs 7 and 8) . Furthermore, clinopyroxene grains exhibit abruptly decreasing Ni contents from the high Mg# core to the low Mg# rim (Fig. 8) .
Although elemental diffusion can generate normally or reversely zoned phenocrysts, transitional core to rim element profile variations are typically controlled by element diffusional coefficients and environmental factors (e.g. T, P, fO 2 , H 2 O; Crank, 1975) . For example, Qian et al. (2010a) investigated the composition of olivine xenocrysts and indicated that elemental diffusion could generate the transitional major and trace element Hollings et al. (2011 Hollings et al. ( , 2013 were used to calculate the apatite saturation temperature.
variations observed in their profiles. Due to relatively higher contents of incompatible elements in the crust relative to mantle-derived mafic magmas, crustal contamination will gradually increase the content of incompatible elements in hybrid magmas. However, crustal contamination or fractional crystallization of basaltic magma is unlikely to abruptly increase incompatible elements in mineral profiles with distinct core and rim zonations. In addition, reversely (B-1 grain 3) and oscillatory zoned amphibole (B-1 grains 1 and 2) and clinopyroxene (B-4 grain 1; Figs 7 and 8) could not result from crustal contamination.
We propose that the distinct core-rim texture and abrupt elemental variations in profiles resulted from mixing of basaltic and evolved felsic magma, consistent with other research (Barton et al., 1982; Nakagawa et al., 2002; Streck et al., 2007; Qian et al., 2010b; Hollings et al., 2013) . The composition of the hybrid melts will vary according to the proportions of andesitic magma and mafic magma and can be estimated using clinopyroxene-melt and amphibole-melt partition coefficients (Kd, (FeO/MgO) mineral/melt ) of 0Á23 and 0Á38 (Grove & Bryan, 1983; Sisson & Grove, 1993) , respectively. The Mg# values of the LLC basaltic magma show wide variations (38 to 72; Table 2 ; Fig. 11a ), which supports the occurrence and mixing of basaltic and evolved felsic magma. In addition, the melt Mg# values estimated from the clinopyroxene rims and amphibole whole grains are similar and significantly lower than the Mg# estimated from the clinopyroxene cores (Fig. 11a) , suggesting the crystallization of the clinopyroxene core from an early, more primitive magma and later formation of the clinopyroxene rim and amphibole in a hybrid magma. The high Mg# cores (89-92) and low Mg# rims (73-78) in clinopyroxene from B-2 grain 3 and B-4 grain 2 (corresponding to high Mg# (66-72) and low Mg# (38-44), respectively, in the melt), probably crystallized from primitive magma and evolved magma, respectively. Using the partition coefficients of Green et al. (2000) , and the REE compositions of normally zoned clinopyroxene B-2 grain 3 and B-4 grain 2, it is possible to calculate the compositions of the primitive basaltic magma and more evolved felsic magma. The primitive basaltic melts in equilibrium with the high Mg# cores of normally zoned clinopyroxene have a similar REE distribution pattern to the whole-rock (Fig. 11b) , whereas the modelled melts in equilibrium with the low Mg# rims have significantly higher REE contents than the PHD rocks (Fig. 11b) , suggesting different characteristics for the evolved felsic magma relative to the PHD rocks. However, the modelled melts are similar to the published calc-alkaline rocks (Polve et al., 2007) exposed in the Baguio district.
PHD felsic rocks
Experimental dehydration melting and water-added melting of mafic lower crust produce melts with Mg# Mg# and Cu in melt were estimated using clinopyroxene-melt and amphibole-melt parition coefficients [Kd, (FeO/MgO) mineral/melt ] of 0Á23 and 0Á38 (Grove & Bryan, 1983; Sisson & Grove, 1993) , and (Kd, Cu mineral/melt ) of 0Á037 and 0Á066 (Liu et al., 2014; Hsu et al., 2017 ). -indicates not analysed.
values of <50 (Sen & Dunn, 1994; Rapp & Watson, 1995; Sisson et al., 2005; Qian and Hermann 2013; Lu et al., 2015) . The PHD samples have Mg# values of 48-65 ( Hollings et al., 2011 ( Hollings et al., , 2013 , significantly higher than that of melts formed through partial melting of mafic lower crust (e.g. Rapp & Watson, 1995; Lu et al., 2015) . The PHD melts must have experienced addition of a high Mg# mantle-derived mafic component. In addition, both the texture and composition of plagioclase and amphibole in PHD rocks suggests the occurrence of magma mixing between andesitic and basaltic magmas. Widespread disequilibrium textures, indicated by patchy zones in plagioclase phenocrysts, imply the addition of a high temperature melt to the andesitic magma (Fig. 2) . In the patchy zones, plagioclase shows broad compositional variations (DAn values of 32-45) and very high An values (e.g. An values (90-92 in D-1 grain 1 core; An [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] in D-4 grains 2, 3 and 4; Fig. 5 ). In addition, oscillatory variations in An, FeO and trace element contents (such as Mg and Sr), and coupled variations between FeO and An are also consistent with mixing between andesitic and basaltic magma (Ruprecht & Wö rner, 2007; Cao et al., 2014b) .
Both resorbed and reversely zoned subhedral to euhedral amphibole crystals with low Mg# cores and high Mg# rims are observed in PHD sample D-3 (Figs 2 and  7) . These reversely zoned amphiboles also show decreasing Mn (2242-2864 ppm to 1115-1802 ppm) but increasing Cu (2Á85-3Á44 ppm to 40Á1-41Á2 ppm) and Ni (38Á6-71Á2 ppm to 113Á8-124Á7 ppm) from core to rim (Supplementary Data Table A.2; Fig. 7) . Two distinct types of amphibole (Group 1 Mg-hornblende to tschermakite and Group 2 Mg-pargasite) were found in most PHD rocks (Fig. 4) . Group 2 amphibole is typically a product of mafic rocks, while Group 1 is related to felsic magma (Hollings et al., 2013; Cao et al., 2017) . Furthermore, PHD-hosted Group 2 amphibole shows transitional compositions between the LLC-hosted Group 2 and PHD-hosted Group 1 amphibole (Fig. 6 ). All the above evidence supports mixing of mafic and felsic magmas.
The compositions of hybrid melts can be estimated using the amphibole-melt partition coefficient [Kd, (FeO/MgO) mineral/melt ] of 0Á38 (Grove & Bryan, 1983) . The Mg# values of melts calculated from D-3 amphibole grains yielded relatively low Mg# (35-37) in equilibrium with the core and high Mg# (45-51) in equilibrium with the rim (Table 2 ; Fig. 11a) , consistent with the compositions of felsic magma derived from partial melting of mafic lower crust and mafic magma derived from the mantle (Rapp & Watson, 1995) . Using the partition coefficients of Adam & Green (1994) , it is possible to estimate the compositions of the basaltic and felsic magmas from the REE compositions of reversely zoned amphibole D-3 grain 1. The resulting felsic and mafic melts in equilibrium with the low Mg# core and high Mg# rim, have similar REE distribution patterns (except La, Ce) to the D-3 whole-rock and also to the LLC rocks (such as samples B-2 and B-4; Fig. 12b ). The deviation in La and Ce might have been generated by the relatively high Kd used (La 0Á35; Ce 0Á62) which is typically higher than that determined in other experiments (Tiepolo et al., 2007) or the slightly LREE depleted melts in equilibrium with amphibole relative to the bulk melts, caused by crystallization of LREE-rich minerals. Thus, the similar REE compositions for both the LLC and injected basaltic magmas suggest a common source from the metasomatised mantle wedge.
Implications for metallogenesis
In a summary of all previously published amphibole Ar-Ar and zircon U-Pb ages Hollings et al., 2013) , LLC mafic rocks and PHD intermediate rocks yield crystallization ages of 3Á59-4Á73 Ma and 2Á81-2Á98 Ma, respectively. At both the Black Fig. 11 . (a) Mg# in melt calculated using clinopyroxene-melt and amphibole-melt partition coefficients (Kd, (FeO/ MgO) mineral/melt ) of 0Á23 and 0Á38 (Grove & Bryan, 1983; Sisson & Grove, 1993) , respectively, assuming equilibration between mineral and melt; (b) REE-modelling results for clinopyroxene (B-2 grain 3, B-4 grain 2) and amphibole (D-3 grain 1) using REE partition coefficients of clinopyroxene-melt (La ¼ 0Á029 Green et al. (2000) and amphibole-melt (La ¼ 0Á10 Adam & Green (1994) . The arrows in (a) shows the core to rim direction. All whole-rock geochemical data are from Hollings et al. (2011 Hollings et al. ( , 2013 .
Mountain and Mexico porphyry Cu-Au deposits, the mineralization is closely related to later PHD rocks, not the early LLC mafic rocks Hollings et al., 2013) . The metallogenesis of porphyry Cu deposits involves a combination of many complex factors (Sillitoe, 2010; Richards, 2013) , including tectonic setting (Cooke et al., 2005) , magmatic processes (Maughan et al., 2002) , fluid processes , and emplacement conditions (Sillitoe, 2010) . The similarity in the formation ages and proximity of the two units implies a common tectonic setting and similar emplacement environment for the LLC and PHD rocks. Under similar tectonic settings and emplacement conditions, the metallogenic potential of basaltic to andesitic melts can be evaluated using the Cu content and oxidation state of the melt.
Both amphibole and coexisting Fe-Ti oxides show similar high fO 2 values of NNO þ 0Á3 to NNO þ 1Á5 for LLC and PHD rocks (Fig. 7) . Many studies have suggested that Cu-rich mafic magmas can introduce Cu into a felsic magma chamber and contribute to mineralization in porphyry Cu deposit systems (Mathur et al., 2000; Hattori & Keith, 2001; Halter et al., 2005; Hollings et al., 2013; Cao et al., 2014b; Blundy et al., 2015) . However, other research has indicated that normal arc magmas, typically containing 50 to 100 ppm Cu, can provide enough ore-forming elements from reasonable volumes of magma to form large porphyry Cu deposit systems (Cline & Bodnar, 1991; Richards, 2015) . There are consistent increases in Cu from core to rim in normally zoned amphibole and clinopyroxene from LLC mafic rocks (B-1, B-2, B-4) and also in reversely zoned amphibole from PHD felsic rocks Figs 7 and 8) . Normally zoned crystals were formed by the addition of evolved magma to the basaltic magma chamber, whereas reversely zoned crystals were generated by basaltic magma injection into andesitic magma. Based on the results of piston cylinder experiments, Liu et al. (2014) and Hsu et al. (2017) determined the partition coefficient of Cu between minerals (clinopyroxene, amphibole) and basaltic to andesitic melts. Given the very small variation in Na 2 O content in clinopyroxene (e.g. 0Á17 to 0Á28 in the core and 0Á23 to 0Á28 in the rim for B-2 grain 3; Supplementary Data Table A.1), and crystallization temperature (<50 C) and oxygen fugacity ($0Á5 units of logfO 2 ) in amphibole (Fig. 7) , we can use the clinopyroxene-melt and amphibole-melt partition coefficients (Kd, Cu mineral/melt ) of 0Á037 and 0Á066 (Liu et al., 2014; Hsu et al., 2017) to estimate the Cu contents of melts in equilibrium with distinct zones of the crystals. There is an increase in the Cu content in the melt from 23-74 ppm to 55-135 ppm, calculated for the core and rim of normally zoned crystals (clinopyroxene and amphibole) in LLC mafic rocks, and from 42-49 ppm to 607-649 ppm for the core and rim of reversely zoned amphibole in D-3 PHD (Fig. 12) . This suggests the addition of Cu-rich melts to both magma systems. Combined with the Mg# and elemental compositions, a slightly Cu enriched andesitic melt (55-135 ppm) similar to typical arc magmas (Cu 50-100 ppm; Richards, 2015) was added to the LLC basaltic system (23-74 ppm), but an unusually Cu-rich basaltic magma (607-649 ppm) was added to the PHD andesitic system (42-49 ppm).
Amphibole compositions show a decrease in oxygen fugacity (NNO þ 1Á5 to NNO þ 1) but similar equilibration temperatures from core to rim in LLC sample B-2, but an increase in oxygen fugacity (NNO þ 0Á3 to NNO þ 1) and temperature from core to rim in PHD sample D-3 (Fig. 7) , which suggests high temperatures and fO 2 ($NNO þ 1) for both the slightly Cu-rich felsic magma and the abnormally Cu-rich basaltic magma. High fO 2 in both types of magma (NNO þ 1) will significantly increase the sulfide solubility by keeping S as S 6þ consistent with the occurrence of primary anhydrite without pyrrhotite in plagioclase (Cao et al., 2018) , and lead to sulfide undersaturation in the melts, resulting in continuous enrichment of chalcophile elements in the magma (Carroll & Rutherford, 1988) . The common occurrence of rounded or elongated sulfide inclusions in the megacrystic amphibole from the mafic dikes (Liu et al., 2014; Hsu et al., 2017) . Typical arc magmas have a Cu content of 50-100 ppm (Richards, 2015) . Sketches of all core to rim zoned amphibole and clinopyroxene crystals with the sequence number are illustrated in (b).
(2Á81 6 0Á15 Ma), combined with the high formation pressures of the megacrystic amphiboles (7Á2 6 0Á8 kbar) and the elevated Cu contents compared to amphibole from the PHD rocks (2Á91 to 2Á83 Ma; Cao et al., 2018) , suggests the presence of sulfide droplets in the lower crust and the existence of a highly Cuenriched basaltic magma at $2Á8 Ma (Cao et al., 2018) . Thus, the high fO 2 and temperature for the basaltic magma intruded into the PHD system likley contributed to significant dissolution of sulfide (Ripley et al., 2002) , and generated the abnormally Cu-rich basaltic magma.
We propose that the changes in stress conditions caused by the subduction of the aseismic Scarborough Ridge may account for the variations of Cu contents in the melts. Prior to 3 Ma, a limited role for the Scarborough Ridge (Pubellier et al., 2005) resulted in an extensional tectonic setting marked by intrusion of mafic rocks in the early stage (3Á59 to 4Á73 Ma), rapid ascent of both the LLC basaltic and the injection of felsic magma, with less time to dissolve sulfide in the lower crust. The rapid ascent of the LLC magmas is consistent with the small temperature variations recorded by both clinopyroxene and amphibole, from deep to shallow (Fig. 13) . In contrast, initiation of Scarborough Ridge subduction would result in a switch from extension to compression, generating more andesitic intrusions at 2Á81 to 2Á98 Ma and leaving more time for the magmas to dissolve sulfide. The decreasing equilibration temperatures recorded by amphibole (Fig. 13) are consistent with long-term thermal exchange with wall-rocks, resulting from increased crustal residence in a compressional setting.
The proportion of Cu-rich melt to normal melt in the magma chamber can be roughly estimated using the area percentage ratio of rim (in equilibrium with Cu-rich melt) to core (in equilibrium with normal magma), considering clinopyroxene-and amphibole-oversaturation for both melts. Using the mean value to represent the Cu content of each zone, we can calculate the Cu contents of the bulk melt which can be considered as a snapshot of the larger magma system. The calculated Cu contents of 45-96 ppm in bulk melts of LLC basaltic material are similar to typical arc magmas (Cu 50-100 ppm; Richards, 2015; Fig. 12b ), whereas the values of 319-351 ppm in bulk melts of PHD andesitic systems, are significantly higher (Cu 50-100 ppm; Richards, 2015) . Thus, the addition of a Cu-rich basaltic magma would significantly increase the Cu content and metallogenic fertility of a felsic magma and potentially provide additional copper to the porphyry system.
Recharge and storage history at the Baguio district
Restricted and high amphibole crystallization pressures in both LLC and PHD rocks, suggests that amphibole phenocrysts crystallized in a deep magma chamber, rather than during shallow magma emplacement or ascent history. By combining all evidence from mineral textures, chemistry and inferred physicochemical conditions (T, P, fO 2 ), the detailed recharge and storage history of the LLC and PHD can be outlined as follows ( Fig. 13) :
(1) Both LLC basaltic and PHD andesitic magma systems show broad ranges of pressure (8Á8, 4Á7 and 2Á8 kbar in LLC recorded by clinopyroxene phenocrysts; 8Á6, 6Á6, 4Á4 and 2Á1 kbar in PHD recorded by amphibole phenocrysts), which suggests multiple stages of storage for both the LLC ($30 km, $16 km and $10 km) and PHD ($29 km, $22 km, $15 km and $7 km) magma systems (Fig. 13) , assuming a pressure gradient of 290 bar/km. Distinct crystallization pressures indicates independent magma systems for the LLC and PHD. In addition, decreasing temperature (987 C ! 943 C ! $840 C ! 790 C; Fig. 13 ) in the ascending magma (8Á6 ! 6Á6 ! 4Á4 ! 2Á1 kbar) recorded by the PHD amphibole is consistent with gradual thermal exchange with relatively low-T wall-rocks.
(2) Significant magma mixing occurs in both LLC and PHD systems with slightly Cu-rich evolved felsic magma injected into the LLC system and highly Cu-rich basaltic magma added to the PHD system (Fig. 13) . Several lines of evidence, including mineral textures and the composition of plagioclase, amphibole and clinopyroxene, support the occurence of significant magma mixing. For the LLC system, the mixing likely occurred in magma chambers at depths of 30 to 15 km as suggested by the clinopyroxene core compositions (Fig. 13) . The injected evolved magma was likely generated in the lower crust and added to the basaltic magma chamber at higher levels. The amphibole grains contained in patchy zones of D-4 plagioclase grains 2 and 3 indicate the occurrence of magma mixing at $15 km (4Á4 kbar) for the PHD magma. Other reversely zoned amphibole phenocrysts in D-3 suggest mixing at depths of $22 km (6Á6 kbar). Thus, the amphibole geobarometer suggests that the mixing probably occurred in magma chambers at depths of 22 to 15 km for the PHD (Fig. 13) .
According to this research, different minerals and mineral occurrences may record magmatic processes occurring at different stages and fingerprint the evolution of the magmatic systems that give rise to porphyry mineralization. By recognizing the complex magma mixing signatures that are associated with mineralization, it is possible to develop models that can be applied to other porphyry systems around the world. Reversely zoned amphibole and oscillatory zoning in plagioclase with patchy zonation were generated as a result of the addition of basaltic magma to the PHD andesitic magma, consistent with variations in the major and trace element profiles and the high Mg# for both the modeled magma (35-51) and whole rock (48-65). 2. Increases in Cu content from core to rim in all normally zoned clinopyroxene and amphibole in the LLC rocks and in reversely zoned amphibole in PHD rocks indicates that the injected magmas were relatively Cu-rich. Assuming the percentage of each zone in crystals represents the percentage of distinct magma, the Cu contents of the bulk melt in equilibrium with whole grains shows distinct values of 45-96 ppm in the LLC system and 319-351 ppm in the PHD system. We propose that the addition of abnormally Cu-enriched basaltic magma introduced a large amount of Cu and thus increased the mineralization potential of the PHD magma. 3. Both the LLC and PHD systems formed in multiple staging chambers with temperature and pressure decreasing from deep to shallow. In addition, magma mixing occurred in multiple stages.
Our results imply that Cu enriched mafic magma may be critical for the generation of porphyry systems and that the composition of various phenocrysts can be used to trace magmatic processes and identify fertile magmas.
